Arsenic trioxide (As 2 O 3 , ATO) is a very efficacious, clinically established agent for the treatment of acute promyelocytic leukaemia, and also potentially useful against other haematological and non-haematological malignancies. Nonetheless, the relative resistance of many tumour cell types requires the generation of sensitizing strategies. One of the properties of ATO which might be exploited for therapeutic purposes is its sensitivity to the intracellular oxidant state, as revealed by increased apoptosis production under conditions of reduced glutathione (GSH) depletion and/or elevated reactive oxygen species (ROS) content. This review summarizes some studies from our laboratory demonstrating that experimental modulation of protein kinase activities (PI3K/Akt, JNK, MEK/ERK) potentiates ATO-provoked apoptosis in relatively resistant human acute myeloid leukaemia (U937, HL60) cell lines by mechanisms involving GSH depletion and/or increased ROS content. In a similar manner, co-treatment with dietary flavonoides such as genistein, normally considered as anti-oxidants, may potentiate apoptosis via generation of moderate oxidative stress and activation of ROS-inducible protein kinases. Finally, co-treatment with ATO may sensitize otherwise refractory leukaemia cells to TNFα-family cytokine-produced apoptosis, by mechanisms involving the interplay between the "intrinsic" (mitochondrial) and "extrinsic" (death receptor-mediated) pathways.
INTRODUCTION
Although the medical use of arsenicals is very ancient (for review see Miller et al. 2002) , it was only recently that the anti-tumour importance of some these compounds was demonstrated beyond all doubt.
Clinical assays carried out during the 1990s at Chinese (Harbin and Shanghai) medical institutions revealed that treatment with low, non-toxic doses of arsenic trioxide (As 2 O 3 , ATO) caused high rates of complete remission in patients suffering from acute promyelocytic leukaemia (APL), either newly diagnosed or relapsed after treatment with the more classical agent all-trans retinoic acid (ATRA) (reviewed by Wang and Chen 2008) . Under the trademark of TRISENOX, ATO was later approved by the Food and Drug Administration in USA, and also recently by some European countries, as a highly efficacious and relatively safe agent to treat ATRA-refractory or relapsed APLs. Recent studies indicated that higher rates of durable remission may  Patricio Aller, Centro de Investigaciones Biológicas, CSIC, Ramiro de Maeztu 9, 28040-Madrid, Spain  aller@cib.csic.es  +34 918373112 (ext. 4247)  +34 915360432
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be still obtained using adequate ATO plus ATRA combinations (Wang and Chen 2008) . It is normally accepted that ATO efficacy is due to the capacity of the drug to disrupt the PML-RARα fusion onco-protein, derived from the t(15;17) chromosomal translocation, characteristic of most APLs. Since trivalent arsenicals easily react with vicinal sulfhydryl (SH) residues in proteins, ATO probably binds a cysteine-rich region at the PML moiety, leading to PML-RARα degradation. This would in turn relieve the APL cells from the differentiation blockade imposed by the fusion protein, driving them into terminal differentiation, the main response at low ATO concentrations (approx. 0.1-0.5 μM in in vitro assays). At higher but still physiologically acceptable concentrations (approx. 0.5-2 μM) ATO preferentially induces apoptosis instead of differentiation. Nonetheless, it is doubtful that PML-RARα disruption is the main cause for apoptosis generation. Actually, the drug exerts many other effects which, derived or not from ATO-cystein protein interactions, are potentially deleterious. As a few examples, ATO may cause reactive oxygen species (ROS) over-production, either from mitochondrial or extra-mitochondrial origin (respiratory chain inhibition, or activation of NADPH oxidase and NO synthase isozymes). ATO may also directly bind the adenine nucleotide translocator (ANT) at the mitochondrial permeability transition pore (mPTP) complex. Both ROS over-accumulation and direct binding may lead to mPTP opening, mitochondria dysfunction and apoptosis. In addition, ATO may elicit death receptor (DR5, TNF-R1) expression which facilitates apoptosis along the death-receptor mediated pathway (vide infra). ATO binds tubulin, disrupting the microtubule assembly and spindle formation, affecting cell cycle progression and viability. ATO may facilitate apoptosis by inhibiting IκB kinase and NF-κB activation, by inhibiting JAK/STAT pathways, and by activating pro-apoptotic (JNK, p38) MAPK pathways. ATO may also disrupt other oncogenic fusion proteins, such as Bcr-Abl, characteristic of c h r o n i c m y e l o g e n o u s l e u k a e m i a , o r AML1/MDS1/EVI1, present in some forms of leukaemia (for reviews see Miller et al. 2002 , Wang and Chen 2008 , Platanias 2009 . Due to these and other effects, ATO causes apoptosis in cells from haematologic malignancies other than APL, such as myelodisplastic syndromes (MDS), multiple myeloma (MM), acute myeloid leukaemia (AML) and chronic myelogenous leukaemia (CML) (Amadori et al. 2005 ) and in solid tumour-derived cell lines. While the potential value of ATO is supported by clinical assays in some cases (e.g., MDS, MM), the applicability is restricted in other cases by the requirement of high toxic doses to effectively induce apoptosis. Thus, extending the therapeutic application of ATO would require the generation of sensitizing strategies, allowing decreasing the effective drug concentrations.
There are many excellent original studies and review articles dealing with historical, clinical, and mechanistic aspects of ATO, which are accessible to the reader but will not be commented on here. Instead, following editorial advice, the attention in this review will focus on some sensitizing approaches recently assayed in our laboratory.
INDUCTION OF MODERATE OXIDATIVE STRESS AS A SENSITIZING STRATEGY
A common characteristic of tumour cells is the presence of elevated ROS levels and oxidative damage to macromolecules, which are probably responsible for their oncogenic transformation and increased metabolic activity. On the other hand the intrinsic elevated level of oxidative stress makes tumour cells more susceptible than normal cells to the action of ROS-inducing cytotoxic agents, a property which may be exploited in anti-tumour therapies (Ozben 2007 , Lau et al. 2008 .
In addition to acting as a pro-oxidant agent itself, ATO is an oxidative stress-responsive drug -i.e., its toxicity depends very much on the oxidant state of the cells. For instance, ATO sensitivity in tumour cells inversely correlates with the inherent levels of GSH or GSH-associated enzymes (Dai et al. 1999 , Yang et al. 1999 . Due to the multiplicity of functions of glutathione, decreased GSH content may compromise essential defensive functions, such as ROS scavenging by glutathione peroxidases (leading to ROS over-accumulation) or ATO detoxification via glutathione S-transferases. Moreover, since GSH may directly bind and quench trivalent arsenic (Scott et al. 1993) , a decrease in GSH may result in increased free intracellular ATO content and toxicity. In addition, the cell susceptibility to ATO toxicity directly correlates with the inherent intracellular ROS content (Yi et al. 2002) . There are many studies demonstrating that experimental modulation of the oxidant environment, either by provoking GSH depletion (e.g. by treatment with the glutamate-cysteine ligase (γ-GCS) inhibitor D,L-buthionine-(S,R)-sulfoximine (BSO), or with ascorbic acid), or by co-treatment with exogenous H 2 O 2 or ROS increasing agents, enhances ATO-provoked apoptosis in cultured cells and animal cell models (Dai et al. 1999 , Pelicano et al. 2003 , Maeda et al. 2004 , Lau et al. 2008 , and our unpublished observations) (see also Fig. 1) . Interestingly, the potential efficacy of ATO/ascorbic acid combinations has been clinically assessed in phase II trials (Abou-Jawde et al. 2006) .
The following paragraphs are dedicated to the description of two sensitizing strategies assayed in our laboratory in which oxidative stress seems to play a decisive regulatory role, namely modulation of protein kinase activities and co-treatment with dietary polyphenols. Experiments were mostly carried out in U937 and HL60 cells, two AML cell lines considered as relatively resistant to ATO toxicity.
PROTEIN KINASE MODULATORS AS PRO-OXIDANT AND SENSITIZING AGENTS
A frequent characteristic of tumour cells is the constitutive activation of defensive signalling pathways (e.g. PI3K/Akt, Raf/MEK/ERK, JAK/STAT), a property which may contribute to their abnormal elevated survival capacity and increased resistance to anticancer treatments. Hence, these pathways represent potential important targets for pharmacological intervention, and actually considerable efforts are being directed to the development of new compounds combining good inhibitory potency with physiological tolerance. There are many bibliographic examples demonstrating that experimental down-regulation of kinase activities increase the apoptotic efficacy of anti-tumour agents, including ATO (Tabellini et al. 2005 , Ye et al. 2005 , Altman et al. 2008 , Lunghi et al. 2008 .
With these precedents in mind, we analyzed the capacity of some pharmacological PI3K/Akt and MAPK inhibitors to modulate the toxicity of ATO in U937 and other human acute myeloid leukaemia cell lines. In two successive articles (Ramos et al. 2005 (Ramos et al. , 2006 we reported that co-treatment with non-toxic concentrations of PI3K/Akt (LY294002, wortmannin, AktiV), MEK/ERK (PD98059, U0126) and JNK (SP600125) inhibitors greatly increased ATO-provoked apoptosis, while the effects were poor or null when the inhibitors were combined with other anti-tumour drugs (e.g., the DNA-targeting agents cisplatin and camptothecin). Although not originally contemplated, we could also state that the kinase inhibitors decreased the intracellular GSH content (and when determined, the GSH/GSSG ratio) and increased intracellular ROS over-accumulation, which were at least in part responsible for apoptosis potentiation (see some results, Fig. 1 ). Mechanistic studies revealed that GSH depletion could be regulated at different levels. Thus, PI3K and JNK inhibitors down-regulated γ-GCS activity, in similar manner as the canonical GSH suppressor BSO. In contrast, MEK/ERK inhibitors caused γ -GCS-independent, N-acetyl-L-cysteine (NAC)-preventable GSH depletion, suggesting regulation at the level of substrate (cysteine) availability. It must be noted that most current bibliographic information indicates modulation (generally stimulation) of protein kinase activities by oxidative stress, although some reports suggest that the inverse cause-effect relationship, namely modulation of oxidative stress parameters by protein kinases, is also possible. For instance, it was described that γ-GCS activity is susceptible of modulation by changes in phosphorylation (Sun et al. 1996) , and that PI3K inhibitors suppressed insulin-provoked increase in γ-GCS synthesis in rat hepatocytes (Kim et al. 2004) , two observations that are fully compatible with our results. Of note, our findings revealing that the potentiation of ATO-provoked apoptosis by MEK/ERK and JNK inhibitors is mediated by GSH depletion have recently been corroborated by other authors (Lin et al. 2009 ).
Of course, multiple factors other than oxidative stress may participate in the potentiation of ATO-provoked apoptosis by protein kinase modulators. For instance, Lunghi et al. (2008) reported that MEK/ERK inhibitors potentiated ATO-provoked apoptosis in multiple myeloma cells deficient for p53 (a situation similar to HL60 and U937 AML cells) via increased expression of pro-apoptotic Bim and death receptors (DRs) 4 and 5. Nonetheless, some relationship of these findings with oxidative stress might be possible, since other authors also reported involvement of DR5 over-expression in ATO-provoked apoptosis under conditions of GSH depletion in U937 and other leukaemia cells (Chen et al. 2006 ). In addition, the relationship linking protein kinase down-regulation with generation of oxidative stress is not univocal, but may depend on the experimental conditions. For instance, Sordet et al. (2001) indicated that 12-O-tetradecanoylphorbol-13-acetate (TPA)-treated, differentiated U937 cells exhibited increased susceptibility to apoptosis induction by ATO, and that this effect was associated with a decrease in GSH content and an increase in ROS accumulation. In a later study (Fernández et al. 2004) we corroborated these results using two PKC activators, TPA and bryostatin 1, and also demonstrated that TPA-or bryostatin 1-provoked GSH decrease and apoptosis potentiation were preceded and mediated by ERK activation. Thus, Relative levels of phosphorylated (P) and total (T) p38-MAPK and ERK, as determined at 16 h of treatment by immunoblot. Observe that genistein stimulates phosphorylation/activation of both kinases, but only p38-MAPK is dependent on oxidative stress, as indicated by the inhibitory action of the antioxidant agent N-acetyl-L-cysteine (NAC, 10 mM). (G) Modulation of ATO plus genistein-provoked apoptosis by NAC, the p38-MAPK inhibitor SB203580 (SB, 10 μM), and the MEK/ERK inhibitors PD98059 (PD, 20 μM) and U0126 (U, 2.5 μM). Observe that NAC and SB203580 exert a protective action, indicating that apoptosis induction is mediated by oxidative stress and p38-MAPK. On the other hand PD98059 and U0126 over-increase apoptosis generation, indicating a protective action of ERKs.
while these results corroborate the importance of oxidative stress in cell sensitization to ATO-provoked apoptosis, they also indicate that oxidative stress is compatible with two opposite modes of ERK modulation, namely down-regulation by pharmacological kinase inhibitors and up-regulation by PKC activators.
DIETARY POLYPHENOLS AS PRO-OXIDANT AND SENSITIZING AGENTS
Flavonoids and other plant-derived phenolic agents represent a large group of compounds present in our daily diet. In the low concentrations obtainable from food, polyphenols normally exert beneficial chemo-preventive and anti-inflammatory effects, which are attributed to their anti-oxidant capacities (Rahman et al. 2006 ). Nonetheless at higher (but still physiologically tolerable) concentrations these agents may cause cytoreduction by inducing tumour cell apoptosis. The anti-tumour capacity of polyphenols was demonstrated under cell culture conditions, but also corroborated in vivo using mouse models (e.g., using genistein, Mohammad et al. 2006 ) and clinical assays in humans (e.g., curcumin, reviewed by Anand et al. 2008 ). Because of this, and also because they are better tolerated by the organism than most conventional anticancer drugs, the possibility of incorporating natural phenolic agents in clinical protocols has attracted great attention. Anyway, rather than as monotherapy, polyphenols may be more efficacious when used as radio-and chemo-sensitizing agents, in combination with conventional antitumour agents (Garg et al. 2005 , Limtrakul 2007 . The pro-apoptotic action of polyphenols is normally attributed to their capacity to down-regulate defensive, anti-apoptotic factors, such as NF-κB and the PI3K/Akt pathway (Aggarwall and Shishodia 2006, Ramos 2008) . Nonetheless, it must be noted that in spite of their normal anti-oxidant functions, some polyphenols may act as pro-oxidant agents, causing ROS over-production from either mitochondrial (Salvi et al. 2002) or extra-mitochondrial (Galati et al. 2002) sources. The physiological and perhaps therapeutical consequences of polyphenol-provoked oxidative stress have been insufficiently explored.
In a recent publication (Sánchez et al. 2008 ) we demonstrated that co-treatment with the soy-derived isoflavone genistein greatly increased ATO-provoked apoptosis in human myeloid and lymphoid leukaemia cell lines. This represented a somewhat drug-and tumour cell-selective response, since isoflavoneprovoked sensitization was poor or null in combination with other anti-tumour agents (e.g., the DNA-targeting drug cisplatin), or when combined with ATO in non-tumour proliferating peripheral blood lymphocytes. Time-course studies revealed that within the time-period required for apoptosis execution (16-24 h) genistein did not affect NF-κB or Akt activation, which were only down-regulated at later times (48 h and thereafter). On the other hand, the isoflavone caused a rapid (3-6 h) and moderate ROS over-accumulation which, as indicated by the protective action of anti-oxidant agents, was at least in part responsible for the pro-apoptotic response. Moreover, genistein caused ROS-dependent activation of p38-MAPK and AMPK kinases which, as indicated by the protective action of pharmacological inhibitors or specific siRNAs, also mediated apoptosis potentiation (some of these results are presented in Fig. 1 ). It is noteworthy that genistein also caused ROS-independent activation of the Raf-1/MEK/ERK pathway. However this pathway did not promote but instead restrained apoptosis, since co-treatment with pharmacological MEK/ERK inhibitors further increased the toxicity ATO plus genistein (Sánchez et al. 2009a) . While ROS over-production also mediate the potentiation of ATO-provoked apoptosis by other polyphenols -e.g., epigallocatechin-3-gallate [EGCG], naringenin and curcumin (Nakazato et al. 2005 , Sánchez et al. 2009b , and our unpublished results) -this is not the only possible mechanism responsible for ATO sensitization. For instance, co-treatment with the flavonol quercetin greatly potentiated ATO-provoked apoptosis in U937 leukaemia cells, in the absence of measurable ROS over-production, and without apparent protection by ROS-scavenging agents. Nevertheless, quercetin rapidly caused Akt dephosphorylation/inactivation (16 h) together with slight GSH depletion (Ramos and Aller 2008) , a response which as demonstrated above suffices to increase ATO toxicity.
Although not directly within the scope of this review, it may be worthy of mention that phenolic agents cause multiple molecular and cellular effects other than apoptosis, but also with potential therapeutic benefits. For instance, genistein inhibits cell proliferation by causing G 2 /M cycle phase arrest. Indirect determinations suggested that genistein-provoked G 2 /M blockade is probably derived from its action as a DNA topoisomerase II inhibitor, while the pro-oxidant and pro-apoptotic responses of the isoflavone are apparently associated with its capacity to inhibit tyrosine kinases (Sánchez et al. 2009b , and references therein). In addition, genistein induces differentiation in human AML cell lines, a response which in contrast to the pro-apoptotic action of the isoflavone is not regulated by ROS and p38-MAPK, but is dependent on persistent Raf-1/MEK/ERK activation (Sánchez et al. 2009a ). Importantly, this study also indicated cooperative effects between genistein and ATRA, namely potentiation of ATRA-provoked differentiation by low genistein concentrations, and prevention by ATRA of the long-term toxic effects of the isoflavone. Hence, the potential application of genistein and perhaps other related phenolic agents in differentiation therapies deserves to be considered. Stimulation of p38-MAPK phosphorylation/activation by TNFα, and its prevention by co-treatment with anti-TNF-R1 neutralizing antibody (N-αTNF-R1). (E) Attenuation of TNF+ATO-provoked apoptosis by co-treatment with N-αTNF-R1 or the p38-MAPK inhibitor SB203580. Except when otherwise indicated, ATO was used at 4 μM and TNFα at 40 ng/ml. Determinations of apoptosis (A, E) were carried out at 24 h of treatment, and protein analysis (B-D) at 16 h of treatment. (F) These and other (not shown) results were used to elaborate the present scheme, which describes the interaction between the extrinsic and intrinsic pathways. In summary ATO, alone or with TNFα, elicits TNF-R1 expression and c-FLIP inhibition. This facilitates cytokine-provoked activation of the extrinsic (receptor-mediated) pathway, involving caspase-8. Complementary TNFα, alone or with ATO, causes p38-MAPK activation, which in turn facilitates Bax-mediated activation of the intrinsic (mitochondrial) pathway. Both pathways are mutually interdependent. Thus, caspase-8 activation engages the mitochondrial pathway via Bid cleavage/activation; and enforced Bcl-2 expression not only prevents mitochondrial activation (e.g., inhibition of cytochrome c release), but also restrains caspase-8 activation by preventing c-FLIP inhibition. Mitochondrial activation involves cytochrome c release, which facilitates apoptosome assembly, and Omi/HtrA2 release, which causes degradation of the inhibitory protein XIAP, both effects leading to the activation of the caspase-9/caspase-3 pathway. Symbols + and -indicate up-regulation and down-regulation, respectively, of either expression or activity. These results were adapted from Amrán et al. (2007) , Ph.D. dissertation, Universidad Complutense de Madrid.
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ARSENIC TRIOXIDE AS A SENSITIZING AGENT
It is known that apoptosis is executed throughout two main discernible pathways, termed "intrinsic" (mitochondrial) and "extrinsic" (death receptor-mediated) (Fulda and Debatin 2006) . In short, the intrinsic pathway, induced by most chemotherapeutic agents, is characterized by the r e l e a s e o f c y t o c h r o me c and o t h e r mitochondria-located proteins to the cytosol, assembly and activation of the apoptosome, degradation of caspase-restraining IAPs ("inhibitor of apoptosis proteins"), and sequential activation of initiator caspase-9 and effector caspases (-3 and/or -7) . On the other hand the extrinsic pathway, triggered by cytokines of the tumour necrosis factor alpha (TNFα) family, is initiated by cytokine binding and activation of death receptors (TNF-Rs), followed by DISC ("death-inducing signalling complex") formation and activation of initiator caspase-8 (or -10) and effector caspases. In some cell types (termed "type I" cells), in which DISC formation is strong enough, intense caspase-8 activation may suffice to directly elicit effector caspase activation and final apoptosis. By contrast, in cells in which DISC formation is weak (termed "type II" cells), the apoptotic signal requires amplification by mitochondrial engagement, via caspase-8-mediated activation of the Bcl-2-family pro-apoptotic protein Bid.
While the preceding paragraphs were aimed at considering strategies of sensitization to ATO-provoked apoptosis, ATO itself may in turn operate as a sensitizing agent. In fact, in addition to the capacity of ATO to trigger mitochondria-dependent apoptosis by direct binding to mPTP, low drug concentrations may induce death-receptor expression (e.g., Liu et al 2003 , Szegezdi et al 2006 , Kim et al 2008 , thus rendering the cells more responsive to TNFα family cytokines. In a recent study (Amrán et al. 2007 ), we proposed that co-treatment or pre-treatment with ATO sensitized the otherwise TNFα-refractory U937 myeloid leukaemia cells to cytokine-provoked apoptosis, and that sensitization was the result of a complex mechanism involving the interplay of both receptor-mediated and mitochondrial pathways (see some selected results and a schematic representation in Fig. 2) . Thus, the combination of ATO plus TNFα efficaciously activated typical events of the mitochondrial executioner pathway, such as release of mitochondrial-located proteins (cytochrome c and Omi/HtrA2) to the cytosol, Bax translocation to mitochondria, XIAP degradation, and activation of the caspase-9/-3 pathway, while the effects of ATO and TNFα separately were negligible. When upstream regulatory events were investigated, it was observed that ATO (alone or in combination with TNFα) stimulated receptor type 1 (TNF-R1) expression, decreased the caspase-8 antagonist c-FLIP ("FLICE inhibitory protein") expression, and elicited cleavage/activation of caspase-8 and Bid. Determinations using appropriate anti-TNF-R1 neutralizing antibody and caspase-8-specific inhibitor d e mo n s t r a t e d t h a t a c t i v a t i o n o f t h e TNF-R1/caspase-8/Bid axis was required for final apoptosis execution. Conversely and importantly, we could observe that enforced Bcl-2 over-expression prevented c-FLIP inhibition and caspase-8 activation, indicating that proper activation of the extrinsic pathway is under mitochondrial control. Finally (and also importantly), TNFα caused TNF-R1-dependent phosphorylation/activation of p38-MAPK, and this activation was required for proper activation of the mitochondrial executioner pathway.
While the use of TNFα in anti-tumour therapies is questionable (actually we selected this cytokine only for mechanistic reasons, not for therapeutic considerations), we and others also demonstrated cooperation to induce apoptosis between ATO and the TNF-α family member Apo2L/TRAIL, both in leukaemic (Liu t al. 2003 , Szegezdi et al. 2006 ) and non-leukaemic (Kim et al. 2008 ) tumour cell models. Apo2L/TRAIL is considered to be a promising anticancer agent because of its capacity to induce apoptosis in cancer cells with lower toxicity towards normal cells (Kimberley et al. 2004 ), but its efficacy as a single agent is frequently limited. Hence, priming with ATO might represent a valuable strategy to improve the clinical efficacy of this cytokine.
CONCLUSIONS
In summary, the variety of molecular effects with evident pro-apoptotic consequences makes of ATO a promissory drug for the treatment of multiple neoplastic diseases. Nonetheless, adequate combination with sensitizing agents, often desirable in clinical protocols, may be a sine qua non condition in the case of ATO to conciliate clinical efficacy with low, tolerable side-toxic effects. The well-known susceptibility of ATO toxicity to moderate oxidative stress -either intracellular GSH depletion or increased ROS accumulation -offers an adequate framework for the generation of sensitizing strategies. Among many other examples presented in the literature, we have demonstrated that co-treatment with pharmacological protein kinase inhibitors and dietary polyphenols may offer excellent possibilities, and that the sensitizing capacity of these agents is in part mediated by the generation of moderate oxidative stress, at least under in vitro conditions. Conversely, the capacity of ATO to activate apical events of "extrinsic" apoptotic pathway might represent a way of improving the efficacy of cytokines with potential clinical application.
